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Aimed at improving vermiculite's thermal expansibility, a novel method of Na* modification has been
proposed. The modification effects were characterized via X-ray fluorescence spectroscopy, X-ray
diffraction, and thermogravimetric-differential thermal analysis. The result indicated that sodium ions
entered vermiculite interlayers through the exchange of interlamellar calcium ions. The effects of the
heating time on the expansion ratio of Raw-V and Na-V samples were investigated at the temperature
range of 400-700 °C. The result indicated that the maximum increment in the expansion ratio could
reach up to 26.5% after Na™ modification. The influencing mechanism of Na® modification on the
thermal expansibility of vermiculite was explored via molecular dynamics simulation and the binding
energy and dehydration enthalpy change calculation. The simulation and calculation results showed
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1. Introduction

Nowadays, the world is facing increasing serious energy and
environmental problems because the demand for energy is
increasing significantly, driven by the increases in prosperity in
developing countries. In the global energy consumption system,
fossil fuels, such as oil, coal, and natural gas, are playing
a dominant role. Undoubtedly, the emission of pollutants from
fossil fuel combustion to the atmosphere causes a variety of
negative impacts on the climate and air quality. Therefore, the
global energy system faces a dual challenge: the need to meet
the rising energy demand while reducing the carbon emission
simultaneously.'” Thus, research on how to reduce energy
consumption and improve energy efficiency has become a hot-
spot. Developing high performance thermal insulating mate-
rials is considered as a potential method for solving energy and
environment problems.

Vermiculite is a multilayer silicate mineral mainly consisting
of hydrated silicate of magnesium, aluminium, iron, calcium
and potassium. Due to the multiple action of natural weath-
ering, hydrothermal action, and percolating ground waters in
geological processes, vermiculite is formed with a layered
structure containing plenty of interlayer water.*® When heated
during a short period of time, vermiculite can rapidly expand or
exfoliate many times its original thickness because of the
interlaminar water vapour pressure.”® Because of numerous
excellent properties, such as low density, low thermal
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preparation of high-performance expanded vermiculite.

conductivity, high temperature resistance, and high thermal
stability, expanded vermiculite is usually used as a thermal
insulating material.”** In general, the thermal insulating
performance of expanded vermiculite is closely related to the
expansibility. Many studies were carried out to investigate the
behaviors of vermiculite's thermal expansion.”* Justo et al.
suggested that the sudden release of interlayer water is not the
only factor influencing the vermiculite's thermal expansion, i.e.,
the presence of relicts of altered mica, loss of OH groups or the
chemical composition can also affect the thermal expansion.™
Marcos et al. found that a higher expansion was achieved in the
case of mixed-layer vermiculite-mica minerals or mixed-layer
vermiculite minerals containing vermiculite in different
hydration states.">”

In this study, aimed at improving the thermal expansibility
of vermiculite, a novel method of Na' modification was
proposed, and a thermal expansion experiment was conducted
to investigate the effects of the heating temperature and time on
the expansion ratio. Moreover, the molecular dynamics simu-
lation combined with the calculation of binding energy (BE) and
dehydration enthalpy change (AH) was used to illustrate the
influencing mechanism of Na" modification on the thermal
expansibility of vermiculite.

2. Experimental
2.1 Modified vermiculite sample preparation

Raw vermiculite (Raw-V) samples with an average size of
1-2 mm and a thickness of 0.21-0.45 mm were collected from
Yuli, China. Before modification, the Raw-V samples were
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washed thrice using deionized water, and then dried at 60 °C for
48 h. The modification process was first conducted by adding
30 g of vermiculite into a 250 mL flask containing 150 mL of
0.5 mol L™ NaCl solution. After an ultrasonic treatment for
30 min and mechanical shaking for 8 h, the samples were added
into a new NaCl solution and allowed to stand for 12 h. The
same process was repeated twice. Then, the samples were
washed using deionized water and dried at 60 °C for 48 h.
Finally, the Na'-modified vermiculite (Na-V) samples were
successfully prepared.

2.2 Vermiculite's thermal expansion experiment

In this study, vermiculite's thermal expansion experiment was
performed to investigate the effects of heating temperature and
time on the expansion ratio. Raw-V and Na-V samples were
heated using a muffle furnace at the temperatures of 400 °C,
500 °C, 600 °C, and 700 °C, and the heating time ranged from 10
to 480 s. The expansion ratio (K) was used as an index to eval-
uate the thermal expansibility of vermiculite samples and was
calculated using the formula K = py/p, where p, and p represent
the bulk densities of Raw-V and Na-V samples, respectively.
Bulk density could be obtained by measuring the mass and the
volume of the samples.

2.3 Characterization methods

The chemical composition of the Raw-V and Na-V samples was
determined using an X-ray fluorescence spectroscopy (XRF)
instrument (ZXS primus-II, 4 kW, 60 kv, 150 mA). X-ray
diffraction (XRD) patterns were recorded using a D8 Advance
X-ray diffractometer (Bruker, Germany); the machine settings
were 40 mA and 40 kV (Cu-Ko radiation; A = 1.5418 A), 20 range
4-25°, 26 step scans of 0.1° and a counting time of 20 s per step.
The thermal stability analysis was performed using a thermog-
ravimetric-differential scanning calorimeter (Netzsch STA 449
F3) in the temperature range of 25-1000 °C, under pure N,

atmosphere at the heating rate of 10 °C min™".

3. Results and discussion
3.1 Vermiculite's modification analysis and characterization

In the Na" modification process, ultrasonic vibration was adopted
to accelerate the ion exchange. The presence of ultrasonic waves
could not only increase the kinetic energy of sodium ions in solu-
tion but also break the van der Waals forces to release the inter-
laminar ions in vermiculite.'®* To understand the Na* modification
effects, XRF, XRD and TG-DTA experiments were conducted to
characterize the chemical and phase compositions and the thermal

Table 1 XRF analyses of Raw-V and Na-V samples
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stability of Raw-V and Na-V samples. Table 1 lists the chemical
composition of the Raw-V and Na-V samples. By comparison, it
could be found that the Na,O content considerably increased by
73.83% from 1.49 to 2.59 wt%, while the CaO content relatively
decreased by 73.25% from 1.72 to 0.46 wt% after the modification
by the 0.5 mol L™ NaCl solution. In addition, the contents of MgO
and K,O only showed a little change before and after the modifi-
cation. The result indicated that during the modification process,
sodium ions entered the vermiculite interlayer mainly through the
exchange of calcium ions in vermiculite interlayers.

The XRD patterns of the Raw-V and Na-V samples are dis-
played in Fig. 1. The result showed that the diffusion peaks
appeared in both patterns because of the effects of impurity
constituents. The characteristic peaks of vermiculite, hydro-
biotite, mica and phlogopite could be observed in both
patterns. This was because vermiculite originated as mica,
phlogopite, or hydrobiotite and was subsequently formed
through the weathering or hydrothermal process. After the
modification treatment, two differences were observed in the
patterns. The first was that the d-spacing of the vermiculite
reflection (002) increased from 1.212 nm to 1.433 nm. This
change could be attributed to the decrease in the Coulomb force
in vermiculite interlayers after the calcium ions were replaced
by the sodium ions during the modification process. The
second was that the characteristic peak intensity of the Na-V
sample significantly increased due to the removal of some
impurities during the modification process.

HorM

Na-V
Raw-V

HorM

Intensity (a.u.)
1
3

5 10 15 20 25
2-Theta (degree)

Fig. 1 XRD spectra of Raw-V and Na-V samples. (V-vermiculite, M-
mica, H-hydrobiotite, and P-phlogopite).

Chemical composition and contents (Wt%)

Sample SiO, MgO Al,O4 Fe,O3 K,O CaO TiO, Na,O Cr,05 SO,
Raw-V 43.40 24.90 13.60 6.52 6.16 1.72 1.64 1.49 0.22 0.11
Na-v 44.30 24.10 13.60 6.84 6.09 0.46 1.62 2.59 0.21 0.10
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The TG-DTA analyses of the Raw-V and Na-V samples are
shown in Fig. 2. According to the curves in Fig. 2a, four stages
for the Raw-V sample occurred when the heating temperature
increased from 25 °C to 1000 °C. The first stage occurred from
25 °C to 88 °C with a mass loss of 4.36%, which could be
attributed to the removal of water molecules adsorbed on the
vermiculite surface. Subsequently, the Raw-V sample under-
went a second dehydration process between 88 °C and 154 °C.
The mass loss of 1.03% in this stage was mainly attributed to
the decomposition of some hydrates in the vermiculite inter-
layer. The third stage corresponded to the temperature range
from 154 °C to 838 °C with a mass loss of 1.79%. According to
Marcos's literature, the mass change was mainly attributed to
the removal of chemical structural water in the dehydroxylation
reaction. As the temperature increased to 1000 °C, the Raw-V
sample underwent a mass loss of 1.49%. In this stage, the
thermal decomposition reaction occurred and resulted in the
formation of compounds, such as forsterite, mullite, and
alumina. After the modification, the TG-DTA curve of the Na-V
sample basically showed a similar trend to that of the Raw-V
sample. However, there were some differences to be observed.
The first two stages in Fig. 2a merged into one stage from 25 °C
to 91 °C in Fig. 2b. This was because the Raw-V testing sample
was not subjected to drying pretreatment, resulting in residual
surface water. Compared with the interlayer water, the evapo-
ration of surface water required less energy. Therefore, the first
peak occurred at a low temperature of 88 °C. This peak dis-
appeared in Fig. 2b because of the drying pretreatment for the
Na-V testing sample. In addition, the transition point temper-
ature in this stage decreased from 154 °C to 91 °C. The result
indicated that the binding energy of the sodium ion and water
molecule was relatively weak, and the dehydration reaction
could occur at a lower temperature.

3.2 Effect of Na" modification on vermiculite's thermal
expansibility
Fig. 3 shows the effects of the heating temperature and time on

the expansion ratios of the Raw-V and Na-V samples. It could be
observed that the expansion ratio increased with the increasing
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Fig. 2 TG-DTA analyses of Raw-V (a) and Na-V (b) samples.
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in heating temperature. The expansion ratio of the Raw-V
sample was only 2.42 at 400 °C for 180 s. It indicated that the
interlaminar vapour pressure was insufficient to cause vermic-
ulite's exfoliation at lower temperatures. When the temperature
increased to 700 °C, the expansion ratio reached up to 6.95. The
Na-V sample showed a similar trend to that of the Raw-V sample
under the same conditions. The result indicated that the heat-
ing temperature was a major factor affecting the expansion
behaviors of vermiculite. In addition, the curves in Fig. 3 could
be divided into two stages with the change of heating time. The
first is the sharp expansion stage due to the flash evaporation of
interlayer water. When the water evaporation was completed,
vermiculite had almost no volume change and entered the
second stage of expansion equilibration. The higher the heating
temperature, the shorter the time to reach the expansion
equilibration. For the Raw-V sample, the equilibration time
needed about 300 s at the heating temperature of 400 °C. When
the temperature increased to 700 °C, it took only 60 s to achieve
the expansion equilibration. After the modification treatment,
two differences were observed in the curves. The first was that
the Na-V sample could achieve a larger expansion ratio than
that of the Raw-V sample under the same conditions. At the
heating temperatures of 400 °C, 500 °C, 600 °C, and 700 °C, the
expansion ratios of the Na-V sample in the equilibration stage
increased by 22.5%, 26.5%, 22.3%, and 10.9%, respectively,
compared with those of the Raw-V sample. The second was that
the Na" modification could obviously shorten the equilibration
time. That is to say that the Na-V sample needed less energy to
achieve the same expansion ratio compared to the Raw-V
sample. The results could be attributed to the changes in
interlayer water content and the binding energy between the
interlayer ion and water molecule after the Na" modification.

3.3 Na'" modification influencing the mechanisms of
vermiculite's expansibility

As we know, the thermal expansion of vermiculite is attributed to
the rapid evaporation of interlayer water during flash-heating.
Therefore, both the interlayer water content and the binding
state of the interlayer ion and water molecule will affect the
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Fig. 3 Effect of heating time on the expansion ratio at various temperatures. (a) 400 °C, (b) 500 °C, (c) 600 °C, and (d) 700 °C.

thermal expansibility of vermiculites. The aforementioned anal-
yses of TG-DTA indicated that the existing status of the interlayer
water in vermiculite showed three forms, including free water,
bound water, and structural water. When the sample was exposed
to the ambient environment, the water molecule in the air was
absorbed by vermiculite flakes under the surface forces. There-
fore, the free water content was determined by ambient humidity
and surface properties of vermiculite layers. As for bound water,
because of the existence of interlayer ions, the water molecules
were combined to form hydrated ions in vermiculite interlayers.
Thus, the interlayer ion type is a crucial factor for the bound water
content. In addition, the binding force of the interlayer ion and
the water molecule determined the energy consumption of the
thermal expansion of vermiculite. Structural water is defined as
the water present in the vermiculite lattice in the form of hydroxy
groups, which is mainly related to the geological process of
vermiculite formation. Based on the analysis mentioned above,
the reason could be well illustrated that the vermiculite samples
from various origins exhibited different expansion behaviors
under the same conditions. In this study, the essence of the Na*
modification to improve vermiculite thermal expansibility was
the changes in the bound water content and the binding energy
of the hydrated ion.

7638 | RSC Adv, 2020, 10, 7635-7642

3.3.1. Coordination simulation based on the molecular
dynamics model. XRF analysis showed that during the modifi-
cation process, sodium ions entered the vermiculite interlayer
mainly through the exchange of calcium ions in vermiculite
interlayers. Aimed at illustrating the interactions of the inter-
lamellar ion and the water molecule, a molecular dynamics
model was developed using the software of Material Studio.
Because Na“ and Ca** have different coordination abilities with
water molecules, the structural formulas of hydrated ions can
be written as [Na(H,0),]" and [Ca(H,0),]*", respectively. The
convergence criteria for structure optimization and energy
calculation were set as energy tolerance of 2.0 x 10~> eV per
atom, maximum force tolerance of 0.1 eV A~!, and maximum
displacement tolerance of 0.3 A.

In this model, the coordination bond length was calculated
to evaluate the binding ability between the hydrated ion and the
water molecule. The shorter the bond length, the stronger the
binding force. When the bond length increases to a value that is
larger than the sum of the two radii,* the repulsive interactions
occur, and the binding interactions disappear. Fig. 4 shows the
configurations of hydrated sodium ions with various coordi-
nation numbers of water molecules. The result indicated that

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Coordination simulation of hydrated sodium ions with different water molecules. (a) Na[H,Ol*, (b) Na[H,Ol,*, (c) Na[H,QOls", (d) Na
[H0l4*, (e) Na[H,Ols*, (f) Na[H,Olg*, and (g) Na[H,Ol,*.

the bond length increased with an increase in the coordination number increased to six, the largest bond length came up to
number. In Fig. 4a, the bond length is only 2.174 A for a one- 2.407 A. However, as the coordination number continued to
coordinate hydrated sodium ion. When the coordination increase, some bond lengths began to surpass the value of 2.640

This journal is © The Royal Society of Chemistry 2020 RSC Adv, 2020, 10, 7635-7642 | 7639
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A. In Fig. 4g, the largest bond length reached up to 3.143 A. It for the hydrated sodium ion is six. Fig. 5 shows the configura-
means that the configuration was unstable due to the weak tions of hydrated calcium ions with different coordination
binding force. Therefore, the maximum coordination number numbers of water molecules. The simulation result presented

@) o)

_____ :_m___‘ ()__..1341‘._,__1341

C

(©) (d)

Fig. 5 Coordination simulation of hydrated calcium ions with different water molecules. (a) Ca[HZO]2+, (b) Ca[HZO]22+, (c) Ca[HZO]32+, (d) Ca
[H2014%*, (e) CalH,0ls%*, (f) CalH20l6?", (g) CalH,Ol,%*, (h) Ca[H,Olg?*, and (i) CalH,0ls>*.
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a similar trend where the bond length was proportional to the
coordination number. In Fig. 5a, when the calcium ion is
coordinated with one water molecule, a strong interaction
appeared with a short bond length of only 2.326 A. When the
coordination number increased to eight, the largest bond
length in this configuration reached up to 2.569 A. As the
coordination number continued to increase, some bond lengths
began to exceed the value of 2.700 A.>" Just as shown in Fig. 5i,
the largest bond length came up to 3.603 A in the nine-
coordinate structure. It means that the maximum coordina-
tion number for the hydrated calcium ion is eight. According to
the charge conservation law, a divalent calcium ion was
replaced by two monovalent sodium ions during the ion
exchange process. Therefore, the Na" modification can signifi-
cantly improve the interlayer water content of vermiculite, and
the modified vermiculite can correspondingly achieve a high
expansion ratio.

3.3.2. Calculations of the binding energy and dehydration
enthalpy change. In the expansion experiment, it was observed
that the Raw-V and Na-V samples presented different thermal
expansibilities under the same conditions. In addition to the
influence of the interlayer water content, the binding force
between the interlayer ion and water molecule also played
a significant role in the expansion performance of vermiculite.
Aimed at evaluating the binding ability, the binding energy (BE)
and the dehydration enthalpy change (AH) were respectively
calculated to compare the stability of hydrated sodium and
calcium ions with various coordination numbers.

Here, BE is defined as the coordination energy between the
central ion and the water molecules. Based on the energy
conservation law, BE can be derived through eqn (1), where
Eoral TEPresents the crystal configuration energy, Epo is the
energy of all water molecules, and Ey, is the energy of Na' or
Ca™".

BE = Eipral — EHZO — En (1)

Based on the results of the molecular dynamics simulation,
the maximum coordination number for hydrated sodium and
calcium ions are six and eight, respectively. Fig. 6 depicts the
relationship between BE and the coordination number. The
results showed that the absolute BE values of the hydrated
sodium ion were always higher than those of the hydrated
calcium ion. When the coordination number was six, the
absolute BE values were 123.67 and 264.59 kcal mol *, respec-
tively. The result indicated that the binding energy of Na' and
H,0 is weaker than that of Ca®>" and H,0. Alternatively, after the
modification, the Na-V sample needed less energy in the dehy-
dration process. The calculation results satisfactorily explained
the reason why the Na-V sample could achieve a higher expan-
sion ratio under a comparatively low heating temperature.

For validating the BE calculation results, the enthalpy
change (AH) of the dehydration reaction was calculated
according to eqn (2), where H, and H, ; represent the
enthalpies of hydrated ions with n and n — 1 coordination,
respectively, and Hyo represents the enthalpy of one water
molecule.

This journal is © The Royal Society of Chemistry 2020
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AH: anl + HHZO - H,,, (2)

The dehydration reaction formula of hydrated sodium and
calcium ions can be written as follows:

-+ hydration
—

Na(HzO)n Na(HzO),H* -+ HzO

2.4 hydration
—

Ca(H,0), Ca(H,0), ,*" + H,0

Fig. 7 shows the dehydration enthalpy changes in hydrated
sodium and calcium ions with different coordination numbers.
It could be found that the dehydration reaction was endo-
thermic, and the enthalpy change decreased with the increase
in the coordination number, which was mainly attributed to the
decrease in binding energy between the interlayer ion and water
molecule. When the sodium ion was coordinated with one
water molecule, the dehydration enthalpy change was
31.21 keal mol ™. As the coordination number increased to six,

60

r —=— Na
50 —e—_Ca
40 -

AH (kcal/mol)
w
(=]
T

0 1 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7
Coordination number

-]

Fig. 7 Effect of the coordination number on the dehydration enthalpy
changes.
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the removal of one water molecule from the hexahydrate
sodium ion only needed 6.7 kcal mol~'. The dehydration
enthalpy change of the hydrated calcium ion showed a similar
trend to that of the hydrated sodium ion. In addition, by
comparing the curves in Fig. 7, it could be observed that the
dehydration enthalpy change of the hydrated sodium ion was
always lower than that of the hydrated calcium ion. For mono-
hydrate and hexahydrate, the dehydration enthalpy changes
dropped by 44.43% and 79.58%, respectively, after the modifi-
cation. Therefore, the calculation results well demonstrated the
influencing mechanism of the Na" modification on the thermal
expansibility of vermiculite.

4. Conclusion

Na' modification could significantly improve the expansion
performance of vermiculite at the temperatures of 400-700 °C.
The essence of the modification was the replacement of inter-
lamellar calcium ions by sodium ions through ion exchange.
Based on the molecular dynamics simulation, Na* modification
could improve the interlayer water content by the hydration
reaction. The vermiculite exfoliation was influenced by the
interlayer vapour pressure, which was generated through the
thermal evaporation of interlayer water. In addition, the calcu-
lation results of the binding energy and dehydration enthalpy
change indicated that the binding energy of the sodium ion and
water molecule is weaker than that of the calcium ion and the
water molecule, and the dehydration reaction of the hydrated
sodium ion needs less energy than that of the hydrated calcium
ion. The simulation and calculation results showed a good
agreement with vermiculite thermal expansion experiments.
This study provides a novel method for the preparation of high-
performance expanded vermiculite.
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